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CODESSA
QSARQuantitative structure–activity relationship (QSAR) analysis of the twenty-six perﬂuoroisopropyl-dinitrobenzene
(PFIPDNB) derivatives was performed to explain their ability to suppress photochemical activity of the plants
photosystem II using chloroplasts and subchloroplast thylakoid membranes enriched in photosystem II, called
DT-20. Compounds were optimized by semi-empirical PM3 and DFT/B3LYP/6-31G methods. The Heuristic and
theBestMulti-Linear Regression (BMLR)method inCODESSAwere used to select themost appropriatemolecular
descriptors and to develop a linear QSARmodel between experimental pI50 values and themost signiﬁcant set of
the descriptors. The obtainedmodels were validated by cross-validation (R2cv) and internal validation to conﬁrm
the stability and good predictive ability. The obtained eightmodelswith ﬁve-parameter show that: (a) coefﬁcient
(R2) value of the chloroplast samples are slightly higher than that of the DT-20 samples both of Heuristic and
BMLR models; (b) the coefﬁcients of the BMLR models are slightly higher than that of Heuristic models both of
chloroplasts and DT-20 samples; (c) The YZ shadow parameter and the indicator parameter, for presence of
NO2 substituent in the ring, are themost important descriptor at PM3-based andDFT-basedQSARmodels, respec-
tively. This article is part of a Special Issue entitled: Photosynthesis Research for Sustainability: from Natural to
Artiﬁcial.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Photosynthesis has been regarded as an important target for herbi-
cide action; therefore, diverse compounds inhibiting photosynthesis
constitute the largest class of commercial herbicides. Suppressing of
the unwanted plants and development of new herbicides is of greatwhich reﬂects the shape of the
t to its moments of inertia; DT-
hotosystem II; QSAR analysis,
IPDNB derivatives, perﬂuoroi-
change of chlorophyll ﬂuores-
ynthesis Research for Sustain-
).
rights reserved.scientiﬁc interest. In this context, the quantitative structure–activity re-
lationship (QSAR) can be considered as one of the most effective tools
for optimizing the leading compound [1,2].
Although it is important, there are not many papers reported for
QSAR study on the photosystem II (PSII). Shimizu et al. reported a
quantitative structure–activity relationship for inhibition of the pho-
tosystem II by the substituted anilides [3]. Zakarya et al. applied neu-
ral network to study a series of anilide herbicides inhibiting
photosystem II [4]. Teixeira et al. developed QSARmodels with photo-
synthetic inhibitory activity of the naturally occurring toxin nosto-
clides [5]. In addition, 3D-QSAR methods have been used to explain
the nature of the interactions between cyanoacrylate derivatives
and D1 protein of the PSII [6].
Dinitrophenolic compounds have been at times used in agriculture as
herbicides, insecticides, acaricides and fungicides [7]. In previous studies,
new perﬂuoroisopropyldinitrobenzene derivatives were reported to
showhigh efﬁcient inhibitors of the electron transfer in the photosystem
Fig. 1. Basic structure of the perﬂuoroisopropyldinitrobenzene derivatives.
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inhibitors—derivatives of urea, atrazine and phenol—was shown to be
based on their redox interaction with the components of PSII reaction
center (RC), leading to a “shortened” cyclic electron transfer and the re-
versing charge photoseparation in PSII [10,11].
The aimof this study is to developQSARmodels to predict photosyn-
thetic inhibitory activity on chloroplasts and subchloroplast thylakoid
membranes enriched in PSII of 26 perﬂuoroisopropyldinitrobenzene
(PFIPDNB) derivatives (Fig. 1). The Best Multi-Linear Regression
(BMLR) and the Heuristic method were used to select the most appro-
priate molecular descriptors, using CODESSA 2.7.2 software package
[12]. The obtained models were internally validated.2. Materials and methods
2.1. Data set
A set of 26 perﬂuoroisopropyl-dinitrobenzene (PFIPDNB) deriva-
tives (Fig. 1) was synthesized for the ﬁrst time in the frame of the
joint project between the Research Institute of Chemicals for PlantTable 1
Photosynthetic inhibitory activity of perﬂuoroisopropyldinitrobenzene derivatives in PS II f
R1 R2 R3
1 C4H9OC(jO)O― ―NHC6H4OH-o NO2
2 CH3O― ―NHNjC4H8-i NO2
3 CH3OC(jO)O― ―NHC7H15 NO2
4 C6H5C(jO)O― ―NHC4H9 NO2
5 CH3OC(jO)O― ―NHC4H9 NO2
6 C6H5C(jO)O― ―NHNH2 NO2
7 Cl― ―Cl NO2
8 CH3C(jO)O― ―Cl NO2
9 CH3OC(jO)O― ―Cl NO2
10 CH3OC(jO)O― ―NHC6H4OH-p NO2
11 ―OH ―SC(jS)OC3H7-i NO2
12 CH3O― ―NHNHC(jO)C6H5 NO2
13 CF3― ―N(C3H7)2 NO2
14 CH3C(jO)O― ―NHC6H4OC(jO)OC4H9-i NO2
15 ―OH ―Cl NO2
16 ―OH ―NHNH2 NO2
17 CH3O― ―NHNHC(jO)NHC6H5 NO2
18 ―OH ―NHC6H4OH-p NO2
19 ―OH ―NHC6H4OH-o NO2
20 C2H5OC(jO)O― ―NH2 NO2
21 ―OH ―NHC6H4OH-m NO2
22 ―OH ―NHC6H4Cl-p NO2
23 C6H5C(jO)O― ―NHOCH3 NO2
24 ―OH ―Cl H
25 CH3OC(jO)O― ―Cl H
26 ―Cl ―Cl HProtection (Moscow) and the Institute of Basic Biological Problems
(Pushchino) [see 8–11,13,14]. The values of pI50 (pI50=-logI50) for
inhibition of photoinduced ΔF of PSII chlorophyll in chloroplasts and
subchloroplast preparations DT-20 enriched with PSII of the PFIPDNB
derivatives were taken from ref. [14]. These photosynthetic inhibitory
activity data (pI50) used as independent variables were given in
Table 1.
2.2. Descriptors calculation and selection
Gaussian 03 software was used to obtain the most stable con-
former of the compounds, based on the semi-empirical PM3 and
DFT/B3LYP/6-31G method [15]. After that, Gaussian outputs were
loaded into the CODESSA (version 2.7.10) software to calculate the
molecular descriptors for each compound. The CODESSA software
calculates more than 500 constitutional, topological, geometrical,
electrostatic, quantum-chemical and thermodynamical molecular
descriptors and performs the statistical analyses linear regression
such as the Best Multiple Linear Regression (BMLR) and the Heuristic
Method [12].
The indicator parameters, sometimes called dummy variables, are
used in linear multiple regression analysis to explain certain features
which cannot be described by continuous variables. In the present
study, we have used one indicator parameter, which has been taken
as a unity when NO2 substituents are present at R3 position in the
ring (=1), otherwise its values are zero. As an external parameter,
the lipophilicity descriptor, that is, octanol–water partition coefﬁcient
(logP) was calculated by ALOGPS 2.1 applet [16].
Following the calculation of the molecular descriptors, we
used the heuristic method in CODESSA to make preselection of
the descriptors. This method can also give us a quick good estima-
tion what quality of correlation is to be expected from the data,
or to derive several best regression models. The squared correla-
tion coefﬁcient (R2), leave-one-out cross-validated squared corre-
lation coefﬁcient (R2cv), the Fisher criteria (F), and the standardrom Ref. [14].
I50, μM pI50
DT-20 Chloroplasts DT-20 Chloroplasts
0.09 0.3 7.05 6.52
0.10 0.5 7.00 6.30
0.10 0.5 7.00 6.30
0.26 0.9 6.59 6.05
0.36 0.8 6.44 6.10
0.40 1.0 6.40 6.00
0.70 2.0 6.16 5.70
0.80 3.0 6.10 5.52
0.90 5.0 6.05 5.30
1.00 5.0 6.00 5.30
2.00 7.0 5.70 5.16
2.50 7.0 5.60 5.16
3.00 9.0 5.52 5.05
3.50 11.0 5.46 4.90
5.00 12.0 5.30 4.92
6.00 11.0 5.22 4.90
7.00 14.0 5.16 4.85
8.00 13.0 5.10 4.80
10.00 70.0 5.00 4.60
30.00 100 4.52 4.00
40.00 100 4.40 4.00
80.00 300 4.10 3.52
90.00 500 4.05 3.30
200 700 3.70 3.16
400 1000 3.40 2.00
500 1000 3.30 2.00
Table 2
PM3-based ﬁve-parameters QSAR models by using Heuristic and BMLR method.
X ± ΔX t-test Descriptors
Heuristic method for DT-20
R2=0.8614 F=24.86 s2=0.2098 R2cv=0.7040
0 −2.1738e+01 3.0852e+00 −7.0457 Intercept
1 1.9799e−01 2.4211e-02 8.1777 YZ Shadow
2 6.5804e+00 1.3620e+00 4.8315 Max bond order of
a N atom
3 7.1358e+01 1.6486e+01 4.3283 Min partial charge for
a H atom
4 1.7754e−01 5.4564e-02 3.2538 Min total interaction for
a N-O bond
5 2.2512e+00 7.6884e-01 2.9280 Max pi-pi bond order
Heuristic method for Chloroplasts
R2=0.8693 F=26.60 s2=0.2477 R2cv=0.7431
0 −7.4083e+01 2.6748e+01 −2.7697 Intercept
1 2.2209e−01 2.9817e−02 7.4485 YZ Shadow
2 6.8911e+00 1.4082e+00 4.8936 Max bond order of
a N atom
3 8.0194e+00 1.6616e+00 4.8262 FHASA*
4 1.7171e−01 5.7405e−02 2.9911 Min total interaction for
a N-O bond
5 4.2097e+00 2.0256e+00 2.0782 Min total interaction for
a C-H bond
BMLR method for DT-20
R2=0.8919 F=33.00 s2=0.1637 R2cv=0.7591
0 −2.2949e+02 5.4152e+01 −4.2379 Intercept
1 2.4442e−01 2.4959e−02 9.7929 YZ Shadow
2 6.6403e+00 1.0752e+00 6.1758 Max bond order of
a N atom
3 2.3809e−03 4.7474e−04 5.0152 H-bonding surface
area (HBSA)
4 1.2563e−02 2.1701e−03 5.7892 Min e-n attraction for
a N-O bond
5 4.0344e−01 1.0203e−01 3.9542 FHASA
BMLR method for chloroplasts
R2=0.8915 F=32.86 s2=0.2056 R2cv=0.8116
0 −2.4517e+02 6.1801e+01 −3.9671 Intercept
1 2.5152e−01 2.4957e−02 10.0784 YZ Shadow
2 8.0105e+00 1.2808e+00 6.2544 Max bond order of
Fig. 2. R2 values versus the number of the descriptors used for the models.
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models [17].
The ﬁnal models were further tested with an internal validation
method. For internal validation method a full set of the 26 struc-
tures was sorted initially in ascending order, according to the pI50
value, and then divided into three subsets A, B and C: the ﬁrst,
fourth, seventh structure, etc., formed a subset (A); the second,
ﬁfth, eight, etc. formed a subset (B); and the third, sixth, ninth
structure, etc. formed a subset (C). Then, these three sets A–C
were prepared as combination of the two training subsets (A+B),
(A+C) and (B+C). The remaining subsets (C, B and A, respective-
ly) became the corresponding test sets. For each training set, the
correlation equation was derived with the same descriptors, and
the equation obtained was used to predict the inhibitory activity
of the interest values for the compounds from the corresponding
test set [18].a N atom
3 5.5668e+00 9.5334e−01 5.8392 FHASA
4 8.3635e−01 2.4389e−01 3.4292 Min e-n attraction for
a N-O bond
5 4.1448e−01 1.1752e−01 3.5269 H-bonding surface
area (HBSA)
*FHASA: Fractional hydrogen acceptors surface area (hydrogen acceptor accessible
surface area /Total molecular surface area).3. Results and discussion
The values of pI50 for inhibition of the photoinduced change of
chlorophyll ﬂuorescence yield (ΔF) in chloroplasts and subchloro-
plast preparations DT-20 enriched with PSII are given in Table 1. To
determine the optimal number of the descriptors in our models, the
“breaking point” rule was applied [19]. This rule is based on the
model plot of squared correlation coefﬁcient values versus the num-
ber of the descriptors (Fig. 2). As shown in Fig. 2, the “break point”
is the “5-descriptor point” for photosynthetic inhibitory activity set.
To avoid the “over-parameterization” of the model, an increase of
the R2 value of less than 0.02 was taken into consideration as a break-
point criterion.
The multilinear regression analysis using both the Heuristic and
the Best Multi Linear Regression (BMLR) method for the 26 com-
pounds in the ﬁve-parameter model is given in Tables 2 and 3. In
these tables, X and ΔX are the regression coefﬁcients of the QSAR
equation and their standard errors, respectively. The models are
given in decreasing relevance order, according to their statistical
signiﬁcance (ordered by t-test value). A graphical presentation of
the relationship between the experimental and the predicted pI50
values for DFT based ﬁve parameter QSAR models are given in
Fig. 3.
Internal validation results of QSAR models were given in Tables 4
and 5. The minimum training quality of R2 0.8072 and the minimum
predicting quality of R2 0.8228 demonstrate that the proposed
model has satisfactory statistical stability and validity.The absence of collinearity is conﬁrmed by intercorrelation ma-
trix for the independent variables used in our models (Tables 6
and 7). No signiﬁcant correlation was found among the variables
applied in the same correlation. All the QSAR models are signiﬁcant
at 95% level as shown by their Fischer ratio values which exceed the
tabulated values (F5,10,0.05=2.71) by large margin as desired for a
meaningful correlation. Each QSAR model can explain more than
85% of the total variance (r2>0.85) in the photosynthetic inhibitory
activity.
An analysis of the obtained QSARmodels indicates that the perfor-
mance of BMLR methods is slightly better than that of the Heuristic
method, in addition, the correlation values of the chloroplast samples
are better than those of the DT-20 samples.
In the PM3-based QSAR models, YZ shadow is the most important
descriptor. This geometrical descriptor helps us to characterize the
shape of the molecules. The shadow descriptors have been calculated
by projecting the molecular surface on three mutually perpendicular
planes, XY, YZ, and XZ [20]. The shadow areas were calculated by
Table 3
DFT-based ﬁve-parameters QSAR models by using Heuristic and BMLR method.
X ± ΔX t-test Descriptors
Heuristic method for DT-20
R2=0.8858 F=27.91 s2=0.1754 R2cv=0.7826
0 1.7091e+01 2.6568e+00 6.4331 Intercept
1 6.0689e+00 6.2984e−01 9.6357 I
2 8.9715e−03 1.3185e−03 6.8042 DPSA-1*
3 1.1137e+01 2.2042e+00 5.0525 LUMO energy
4 4.7396e+00 1.0211e+00 4.6416 Min partial charge
for a N atom
5 2.2777e−01 7.5596e−02 3.0130 RNCS (Relative Negative
Charged Surface Area)
Heuristic method for chloroplasts
R2=0.8897 F=29.04 s2=0.2131 R2cv=0.8182
0 2.1700e+01 3.0226e+00 7.1793 Intercept
1 5.7464e+00 6.3270e-01 9.0823 I
2 9.5068e+00 1.6761e+00 5.6719 FNSA-2**
3 5.6603e+00 1.1189e+00 5.0586 LUMO energy
4 1.9902e+02 5.7323e+01 3.4720 Max electroph. react.
index for a C atom
5 2.2515e+01 7.5747e+00 2.9723 Min partial charge
for a N atom
BMLR method for DT-20
R2=0.8808 F=26.61 s2=0.1830 R2cv=0.7931
0 1.3793e+01 2.8754e+00 4.7967 Intercept
1 5.1169e+00 5.9941e-01 8.5366 I
2 5.6672e+01 8.8197e+00 6.4257 DPSA-1*
3 3.4176e+01 6.5430e+00 5.2233 LUMO energy
4 6.3018e+00 1.0850e+00 5.8083 RNCS (Relative Negative
Charged Surface Area)
5 2.0550e+00 5.5682e−01 2.6907 Relative number
of N atoms
BMLR method for chloroplasts
R2=0.9036 F=33.75 s2=0.1862 R2cv=0.8299
0 −1.6487e+01 2.9833e+00 −5.5265 Intercept
1 2.5913e+00 3.5658e−01 8.2672 I
2 1.3639e−02 1.6964e−03 8.0399 DPSA-1*
3 5.0256e+00 7.3464e−01 6.8409 LUMO energy
4 6.9418e+01 1.1554e+01 6.0084 Avg electroph. react.
index for a C atom
5 2.9228e+03 7.6299e+02 3.8308 Relative number
of N atoms
*DPSA-1: difference in charged partial surface area descriptors (partial positive surface
area−partial negative surface area).
**FNSA-2: fractional charged partial surface area (total charge weighted partial
negative surface area / total molecular surface area).
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tion of the areas of the squares overlapped with a projection. The
shadow areas for compound 15 are given in Fig. 4. The normalized
shadow areas reﬂect the size (natural shadow indices) and the geo-
metrical shape (normalized shadow indices) of the molecule. These
descriptors depend not only on conformation but also on the orienta-
tion of the molecule. The YZ shadow is the pi-plane of our com-
pounds. The existence of the YZ shadow parameters in QSAR
models indicates that inhibitory activity depends on the shape, size
and orientation of the pi-plane of the molecules.
The second important descriptor in the PM3-based models is
“maximum bond order of an N atom (MBON)” This quantum-
chemical descriptor related to hybridization and electrostatic interac-
tion of the N atoms. Increasing the bond order (π-shortening) of the N
atoms is an increase of the strength of intramolecular bonding inter-
actions including multipole interactions of the compound [21]. In the
present study, this descriptor may correlate directly with the H-bond,
forming ability of the molecule–receptor interaction. A positive signin front of this descriptor indicates that an increase in the bond-
order of the N atom may increase the inhibiting activity of our
compounds.
The third important descriptors in the PM3-based models of the
Heuristic methods are “minimum partial charge for the H atom and
“fractional hydrogen acceptors surface area (FHASA)” for the DT-20
and the chloroplast samples, respectively; however, “hydrogen-
bonding surface area (HBSA)” and FHASA for the DT-20 and the chlo-
roplast samples are the third important variables in the QSAR models
obtained by the BMLR method. Sequentially, “minimum partial
charge for the H atom” is an electrostatic descriptor, which character-
izes charge distribution on the H atom. FHASA (FHASA=HASA/
TMSA) is the ratio of the area of hydrogen bonding acceptor atoms
to the total area of the molecule. HBSA is the hydrogen bonding sur-
face area and deﬁned as the difference between the respective
hydrogen-bonding donor and the hydrogen accepting descriptors.
All these three descriptors are related to hydrogen bond formation,
intermolecular interactions, and interaction of the receptor substrate
interaction. Positive correlation coefﬁcients of these descriptors indi-
cate an importance of these interactions in determining the inhibition
activity of the compounds.
The other descriptors in the PM3-based models are “minimum
total interaction for a N-O bond” (for Heuristic method) and “mini-
mum e-n attraction for a N-O bond” (for BMLR). Minimum total inter-
action for the N-O bond takes into account energy exchange and
electrostatic interactions for the said bond. In addition, “minimum
electron-nuclei attraction between N and O atom” describes nuclear
repulsion in the molecule and may be related to conformational (ro-
tational, inversional) changes or atomic reactivity in the molecule.
These two relevant descriptors indicate that the presence of the NO2
substituents and their conformations are an important factor for the
inhibitory activity of the compounds.
In every DFT-based model, the most important descriptor is an
indicator parameter (I), which is variable, 0 or 1 indicating the ab-
sence or the presence of NO2 substituent on the ring. The positive
sign of the indicator parameter suggests that the presence of NO2
substituents plays a dominant role in the inhibitory activity of the
compounds.
The second important parameter in the most DFT-based models is
DPSA-1. This electrostatic parameter describes the difference in the
positive and negative charges of the partial surface area. FNSA-2,
the second important parameter with the Heuristic method for chlo-
roplast samples, is the ratio of total charge weighted negative surface
area to total molecular surface area. These two descriptors are related
to the charged partial surface area (CPSA) descriptors, which are re-
sponsible for polar interactions between the receptor-substrate. The
larger value of the descriptor indicates the higher polarity of the mol-
ecule. The positive regression coefﬁcient for this descriptor reﬂects
the fact that the larger value of this descriptor leads to the higher
binding ability.
The third important descriptor in all DFT-based models is LUMO.
LUMO energy level describes electrophilicity of the compound and
provides useful measures of the donor-acceptor interactions. In gen-
eral, molecules with low LUMO energy values can accept the elec-
trons more easily as compared to the molecules with high LUMO
energy values. LUMO level of the molecule is affected by the
electron-withdrawing groups, such as a nitro group. Accordingly,
our compounds act as an electron acceptor, and the receptor of the
PSII acts as an electron donor in the formation of charge transfer in-
teraction. However, solvent (H2O) molecules also act as an electron
donor. For this reason, an increase of LUMO of the molecules would
result in its weaker solvation and thus, the stronger interaction with
the receptor. In other words, the higher value for LUMO indicates
the weaker solvation of the compound.
The other two descriptors are “relative number of N atoms”which
is deﬁned by the ratio between the N atoms and all other atoms in the
Fig. 3. A plot of observed vs. calculated pI50: (a) PM3-based heuristic model for the subchloroplast thylakoid membranes enriched in photosystem II (DT-20); (b) PM3-based heu-
ristic model for chloroplasts; (c) PM3-based BMLR for DT-20; (d) PM3-based BMLR model for chloroplasts; (e) DFT-based heuristic model for DT-20; (f) DFT-based heuristic model
for chloroplasts; (g) DFT-based BMLR for DT-20; (h) DFT-based BMLR model for chloroplasts.
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sent the partial charge of the N atoms on the R2 groups. These two pa-
rameters indicate an importance of the presence of N heteroatom on
the molecule and state electrostatic features of the R2 group of the
compounds. Hence, more heteroatoms will enhance the inhibitory ac-
tivity. RNCS (relative negative charged surface area) is an electrostatic
descriptor and, thus, deal with the features responsible for polar in-
teractions between the molecules. This descriptor is sensitive both
to the size and the charge of the molecule. The last descriptors, ‘aver-
age or maximum electrophilic reactivity index for a C atom’ measure
the stabilization energy when the molecule gains an additional elec-
tronic charge, indicating the importance of electrophilic reactivity.
Due to the positive sign of the regression coefﬁcient, the higher the
descriptor value (the molecule will act as a stronger electrophile)
the higher its inhibitory effect.
In a previous study, QSAR could be made for inhibitory activity of
the quinolones derivatives in the electron transport through the pho-
tosystem II, showing that the Verloop's STERIMOL parameter L(length of the substituent) is a single variable [22], furthermore, in
another study, the electronic character of hydrophobic substituents
of substituted benzoquinones and naphthoquinones are correlated
with chlorophyll ﬂuorescence quenching activity [23]. However,
our QSAR result indicates that hydrogen-bonding, polar interactions
and electrophilic reactivity are essential for photosynthetic inhibitory
activity. Previous studies reported that phenolic herbicides bond to
the Q(B) site, and competed with the native electron acceptor plasto-
quinone and blocked the electron transfer at PSII reaction center in
plant chloroplasts [24,25]. QSAR analysis results suggest that non-
covalent interaction between phenolic herbicides and Q(B) site play
an important role, and phenolic herbicides behaves as Lewis acides
in these interactions.
4. Conclusions
A QSAR treatment was carried out on a series of compounds to
correlate the molecular descriptors with their photosynthetic
Table 4
Internal validation of the PM3-based QSAR models.
Training set N R2 F s2 Test set N R2
Heuristic method for DT-20
A+B 18 0.8807 17.72 0.2212 C 8 0.8288
A+C 17 0.8206 19.82 0.2615 B 9 0.8228
B+C 17 0.9059 21.19 0.1649 A 9 0.8689
Heuristic method for chloroplasts
A+B 18 0.9420 38.97 0.1474 C 8 0.8697
A+C 17 0.8072 23.19 0.5871 B 9 0.8695
B+C 17 0.8202 13.69 34.07 A 9 0.8682
BMLR method for DT-20
A+B 18 0.8771 17.12 0.2280 C 8 0.9104
A+C 17 0.8425 12.22 0.2628 B 9 0.8414
B+C 17 0.8872 11.10 0.3421 A 9 0.9448
BMLR method for chloroplasts
A+B 18 0.9735 88.33 0.0672 C 8 0.9521
A+C 17 0.8466 12.14 0.3126 B 9 0.9154
B+C 17 0.8642 14.00 0.2808 A 9 0.8947
Table 6
Correlation matrixes for regression analysis obtaining from PM3 method.
Heuristic method for DT-20
YZS MBON MPCH MTNO pi-pi
YZS 1.0000
MBON −0.1319 1.0000
MPCH −0.6228 −0.1794 1.0000
1234 M.S. Karacan et al. / Biochimica et Biophysica Acta 1817 (2012) 1229–1236inhibitory activity. Analyzing the obtained result, linear models in-
dicate that an YZ shadow and an indicator parameter are the most
relevant molecular property determining the efﬁciency of photo-
synthetic inhibitory activity, according to PM3-based and DFT-
based QSAR models. These descriptors indicate the presence of
NO2 groups on the phenyl ring, as well as the shape, the size and
the orientation of the pi-plane of the molecules are important. In
addition, quantum chemicals and electrostatic descriptors in the
models show that electrostatic interactions and electrophilic reac-
tivity are the main factors controlling the activity values on the
photosynthetic inhibitory activity, and our compounds act as an
electron acceptor.
It is well known that nitro group, though not inherently very
basic, acts as a C―H⋅⋅⋅O acceptor in the crystal structures of a
large number of unsaturated compounds [26], and is active in met-
abolic system. Johnstone et al. [27] developed a bond energy/bond
order formula for N―O bonds of nitro groups and calculated bond
energies to obtain enthalpies of formation for H-bonds to nitro
groups in crystals and in solution. The obtained result reveals that
direct H-bonding of nitro in solution is much weaker than inTable 5
Internal validation of the DFT-based QSAR models.
Training set N R2 R2cv F s2 Test set N R2
Heuristic method for DT-20
A+B 16 0.9679 0.8891 60.27 0.0567 C 8 0.8984
A+C 16 0.9294 0.8477 26.32 0.1295 B 8 0.8998
B+C 16 0.9301 0.8710 26.62 0.1338 A 8 0.8762
Heuristic method for chloroplasts
A+B 16 0.9874 0.9693 156.33 0.0223 C 8 0.8651
A+C 16 0.9769 0.9429 84.75 0.0423 B 8 0.8452
B+C 16 0.9718 0.9382 68.96 0.0540 A 8 0.9089
BMLR method for DT-20
A+B 16 0.9653 0.9170 55.68 0.0737 C 8 0.8961
A+C 16 0.9276 0.7939 25.64 0.1590 B 8 0.8625
B+C 16 0.9824 0.9469 111.42 0.0455 A 8 0.9934
BMLR method for chloroplasts
A+B 16 0.9873 0.9725 155.17 0.0270 C 8 0.8211
A+C 16 0.9765 0.9414 83.14 0.0516 B 8 0.8682
B+C 16 0.9924 0.9745 261.61 0.0196 A 8 0.9243crystals, unless intramolecular H-bonding can occur [27]. Hence,
nitro groups not only increase the Lewis acidity of our compound,
but also participate in intermolecular bonding to NH groups of His
A215 or the backbone NH group of Phe265 or speciﬁc amino acid
residues in the QB pocket [28].
Nowadays, the ﬁrst crystal structure of PSIIcc inhibited by the
triasine type herbicide terbutryn was reported [29]. Although
orientations of the triasine type herbicide in PSIIcc were revealed,
binding mode of PFIPDNB type herbicides in the QB pocket are still
unknown.
By using density functional theory analysis and docking calcula-
tions, Takahashi et al. [30] suggest that the deprotonated form of phe-
nolic herbicides binds to D1-His215 in the binding pocket, whereas
the protonated form of them were found to bind to the opposite
side of the pocket without an interaction with D1-His215.
Based on the docking calculations in the QB pocket of the PSII and
crystal structure of PSIIcc inhibited by terbutryn [29,30], it has been
suggested that PFIPDNB locate among the D1-His215 at one end,
D1-Ser264, D1-Phe265 and D1-Ala263 at the other hand. And also,
we can predict that the CjO acceptor group of PFIPDNB is hydrogen
bonded to donor NH group of His215, and the nitro groups interact
with Ser264 OH or Phe265 NH, or act as C―H⋅⋅⋅O acceptor. It is
known that conjugation of the nitro group enhances its acceptor abil-
ity in a C H O bonding situation via cooperatively effects. Possibly, ar-
omatic substituent of the most potent PFIPDNB (ﬁrst compound in
Table 1) is oriented almost parallel to the ring plane Phe 216L to cre-
ate π–π interaction. In this study, QSAR analysis results show the im-
portance of orientation of the pi-plane in these compounds. Thus, we
can predict that there can be a high probability of π-stacking interac-
tion, and Ow―H⋅⋅⋅ π hydrogen bonds between water molecules and
aromatic ring.MTNO −0.0439 0.0348 0.0931 1.0000
pi-pi 0.3776 0.2497 −0.4832 −0.2322 1.0000
Heuristic method for chloroplasts
YZS MBON FHASA MTNO MTCH
YZS 1.0000
MBON −0.1319 1.0000
FHASA 0.0999 0.4979 1.0000
MTNO −0.0439 0.0348 0.5995 1.0000
MTCH −0.7995 −0.1095 0.3993 0.0005 1.0000
BMLR method for DT-20
YZS MBON HBSA MTNO FHASA
YZS 1.0000
MBON −0.1319 1.0000
HBSA −0.6784 0.2242 1.0000
MTNO 0.0091 0.1929 0.2999 1.0000
FHASA −0.2767 −0.0245 0.3375 0.4589 1.0000
BMLR method for chloroplasts
YZS MBON FHASA MTNO HBSA
YZS 1.0000
MBON −0.1319 1.0000
FHASA 0.1234 0.0992 1.0000
MTNO −0.7425 −0.1080 0.2923 1.0000
HBSA −0.2767 −0.0245 0.0157 0.4328 1.0000
YZS: YZ Shadow, MBON: Max bond order of a N atom, MPCH: Min partial charge for a N
atom, MTNO: Min total interaction for a N―O bond, FHASA: Fractional HASA.
Fig. 4. Shadow areas for compound 15.
Table 7
Correlation matrixes for regression analysis obtaining from DFT method.
Heuristic method for DT-20
I DPSA1 LUMO MPCH RNCS
I 1.0000
DPSA1 −0.0332 1.0000
LUMO −0.5202 −0.4686 1.0000
MPCH −0.7546 0.3373 0.1339 1.0000
RNCS −0.5601 −0.4843 0.5371 0.1707 1.0000
Heuristic method for chloroplasts
I FNSA2 LUMO MERIC MPCN
I 1.0000
FNSA2 −0.5887 1.0000
LUMO −0.5546 0.6082 1.0000
MERIC 0.4685 −0.4037 −0.5535 1.0000
MPCN 0.4371 −0.0613 −0.0919 0.0351 1.0000
BMLR method for DT-20
I DPSA1 LUMO RNCS RNNA
I 1.0000
DPSA1 −0.0973 1.0000
LUMO −0.5775 0.1715 1.0000
RNCS −0.6546 0.0459 0.1490 1.0000
RNNA 0.3953 0.0008 −0.6459 −0.2585 1.0000
BMLR method for chloroplasts
I DPSA1 LUMO AERIC RNNA
I 1.0000
DPSA1 −0.0332 1.0000
LUMO −0.5122 −0.3725 1.0000
AERIC 0.5480 −0.3241 −0.5290 1.0000
RNNA 0.4195 0.3378 −0.5582 0.1286 1.0000
MPCH: Min partial charge for a N atom, RNCS: Relative Negative Charged Surface Area,
MERIC: Max electroph. react. index for a C atom, MPCN: Min partial charge for a N
atom, RNNA: Relative number of N atoms, AERIC: Avg electroph. react. index for a C
atom.
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